Alcanivorax borkumensis, a marine bacterium highly specialized in degrading linear and branched alkanes, plays a key ecological role in the removal of marine oil spills. It contains several alternative enzyme systems for terminal hydroxylation of alkanes, including three P450 cytochromes (P450-1, P450-2 and P450-3). The present work shows cytochrome P450-1 to be expressed from the promoter of the upstream gene fdx. Promoter P fdx was more active when C 8 -C 18 n-alkanes or pristane were assimilated than when pyruvate was available. The product of ABO_0199 (named CypR) was identified as a transcriptional activator of P fdx . The inactivation of cypR impaired growth on tetradecane, showing the importance of the fdx-P450-1 and/or cypR genes. P450-2 expression was low-level and constitutive under all conditions tested, while that of P450-3 from promoter P 450-3 was much higher when cells assimilated pristane than when n-alkanes or pyruvate were available. However, the inactivation of P450-3 had no visible impact on pristane assimilation. Cyo terminal oxidase, a component of the electron transport chain, was found to stimulate promoter P P450-3 activity, but it did not affect promoters P fdx or P P450-2 . A. borkumensis, therefore, appears to carefully coordinate the expression of its multiple hydrocarbon degradation genes using both specific and global regulatory systems.
Introduction
Marine environments are home to a number of bacterial groups highly specialized in the use of hydrocarbons as carbon sources, but that are, however, unable to assimilate sugars, amino acids and most organic acids (Yakimov et al., 2007) . These hydrocarbonoclastic bacteria are usually present at low (sometimes undetectable) levels in seawater, feeding on the hydrocarbons produced by plants, algae or other marine organisms. When crude oil is spilt, they become predominant and play a key role in its biological removal. After an accidental discharge of crude oil, alkane degraders such as bacteria of the genus Alcanivorax or Thalassolituus are the first to bloom. Later, degraders of aromatic compounds such as Cycloclasticus spp. become the most numerous (Kasai et al., 2002a,b; Harayama et al., 2004; Head et al., 2006; McKew et al., 2007) .
Alcanivorax species are the best studied of these obligate hydrocarbon degraders. The first strain described was Alcanivorax borkumensis SK2 (Yakimov et al., 1998) , after which several other Alcanivorax species were identified (Dutta and Harayama, 2001; Fern andezMartínez et al., 2003; Liu and Shao, 2005; Wu et al., 2009) . A. borkumensis SK2 metabolizes n-alkanes ranging in size from six carbon atoms (C6) to at least C32, as well as alkylarenes, alkylcycloalkanes and isoprenoid hydrocarbons such as phytane and pristane (Schneiker et al., 2006) . This bacterial strain possesses several enzymes involved in the initial oxidation of alkanes Sabirova et al., 2006; Schneiker et al., 2006; Sabirova et al., 2011) , including alkane hydroxylases AlkB1 and AlkB2, which oxidize C5-C12 alkanes and C8-C16 alkanes, respectively, three P450 cytochromes of the CYP153 family (see below), and a flavin-binding monooxygenase with a strong similarity to the AlmA enzyme believed to hydroxylate long-chain alkanes (C22-C36) in Alcanivorax dieselolei (Liu et al., 2011; Wang and Shao, 2014) and Alcanivorax hongdengensis (Wang and Shao, 2012) . The range of alkanes oxidized by these oxygenases overlaps to some extent; for example, a double mutant lacking alkB1 and alkB2 was found to be still able to grow on C8-C16 n-alkanes, probably by using the P450 cytochromes in the initial oxidation of the alkanes .
The bacterial P450 cytochromes of the CYP153 family are soluble heme-thiolate proteins that mediate the terminal hydroxylation of alkanes (Maier et al., 2001; Hannemann et al., 2007) . They act as terminal monooxygenases and require the participation of two electron donor partners, an FAD-containing NADH-dependent reductase and a ferredoxin of the [2Fe-2S] type. These transfer electrons from NADH to the heme domain of the P450 protein, triggering O 2 cleavage and substrate hydroxylation. These P450 cytochromes are common in alkane-degrading eubacteria and, at least in some cases, they oxidize not just n-alkanes (usually in the range C8-C16) but also cycloalkanes and alkylaromatics (Kubota et al., 2005; van Beilen et al., 2006; Liu et al., 2011) .
The three A. borkumensis SK2 genes encoding the P450 cytochromes of the CYP153 family are known as ABO_0201 (cytochrome P450-1, also called P450-c in some reports), ABO_2288 (cytochrome P450-2, also named P450-b) and ABO_2384 (cytochrome P450-3, also named P450-a) (Fig. 1A) . Cytochromes P450-1 and P450-2 share the same amino acid sequence (100% similarity) and their corresponding genes are almost identical (99.6% nucleotide identity). ABO_0201 (P450-1) is clustered in an operon-like unit with a ferredoxin (fdx, ABO_0200) and an alcohol dehydrogenase (alkJ2, ABO_0202) (Fig. 1A) . Upstream of fdx and divergently transcribed, there is gene ABO_0199, which shares homology with transcriptional regulators of the AraC family (Schneiker et al., 2006) . Cytochromes P450-1 and P450-2 are phylogenetically related to the P450 cytochrome of Acinetobacter sp. EB104, which hydroxylates alkanes of at least, 5 to 10 carbon atoms (van Beilen et al., 2006; Schneiker et al., 2006) . Cytochrome P450-3 is phylogenetically distant from the other two cytochromes (Wang and Shao, 2012) , suggesting it might have different substrate specificity and, therefore, play a different role. If each cytochrome does have a different role in the assimilation of hydrocarbons, it is reasonable to assume that they might be differentially expressed depending on the hydrocarbon being used. However, the genes corresponding to all three cytochromes are simultaneously expressed in A. borkumensis SK2 cells growing on dodecane (C12), tetradecane (C14) or phytane (Schneiker et al., 2006; Sabirova et al., 2011; Barbato et al., 2016) . Their differential expression in response to other hydrocarbons has not been studied in detail. In the present work, the use of a wider range of carbon sources, the identification of the promoters responsible for the expression of each gene, and the use of transcriptional reporter fusions, allowed clear differences to be detected in the pattern of induction of the genes coding for these cytochromes. The results also revealed that the Cyo terminal oxidase, a component of the electron transport chain, has a strong, positive influence on the expression of P450-3.
Results and discussion
Identification of the promoters responsible for the expression of cytochromes P450-1, P450-2 and P450-3
The study of the expression of the genes coding for A. borkumensis SK2 cytochromes P450-1 and P450-2 by real time reverse transcription PCR (RT-PCR) or RNA-Seq is hampered by their very high DNA sequence similarity. The expression of all three P450 cytochromes was, therefore, studied using reporter plasmids containing a transcriptional fusion of the promoter responsible for the expression of each cytochrome to a suitable reporter gene. The construction of these reporter fusions first required the promoters responsible for the expression of each cytochrome to be localized. As explained above, the gene coding for P450-1 forms part of an operon-like cluster that includes the fdx-P450-1-alkJ2 genes (Fig. 1A) . The fdx gene is separated from P450-1 by just 14 bp, while the end of P450-1 overlaps the start of alkJ2 by 2 bp. RT-PCR with a forward primer hybridizing within fdx, plus a reverse primer complementary to a P450-1 sequence, showed that fdx transcripts can span into P450-1 (see Fig. 1B ), supporting the idea that these two genes are cotranscribed. Since the gene located upstream of fdx, ABO_0199, is transcribed in the opposite direction, the promoter responsible for the expression of fdx ought to map immediately upstream of fdx. S1 nuclease protection assays, presented in Fig. S1 (Supporting Information), indicated that the fdx transcript starts at a G residue located at position 2100 relative to the fdx translation start site (see Fig. 1C ). This means that the promoter for fdx, named P fdx , is located within the coding region of gene ABO_0199, which, as shown later in this work, codes for a transcriptional activator of P fdx for which the name CypR is proposed. The possible presence of an additional promoter downstream of P fdx that might affect the expression of P450-1, located either within the fdx gene or between the end of fdx and the start of P450-1 open reading frame, was sought using S1 nuclease protection assays. However, no such promoter was found. We conclude that genes fdx and P450-1 are cotranscribed from the promoter for fdx. The fdx gene encodes a ferredoxin, the role of which is to transfer electrons to the P450 enzyme. It is, therefore, not surprising to find that the expression of ferredoxin and cytochrome P450-1 is co-ordinated.
Although the nucleotide sequence of the gene coding for cytochrome P450-2 is 99.6% identical to that coding for P450-1, the DNA region upstream of P450-2 shows only a scattered sequence similarity to fdx and the fdx promoter region. This suggests that P450-2 derives from a duplication event that included the fdx-P450-1 region.
However, the fdx sequences in the copy corresponding to P450-2 must have suffered a process of sequence degeneration that included the loss of the promoter P fdx and a deletion that affected the 5 0 half of fdx (see Fig 1C; Induction of A. borkumensis SK2 P450 cytochromes 799 fdx sequences are shown in green). An S1 nuclease protection assay in search for the promoter responsible for P450-2 expression showed two protected DNA fragments (two bands in the gels) that correspond either to two transcription start sites or to one start site and a processed transcript (Supporting Information Fig. S1 ). The first transcription start site was 214-215 bp upstream of the P450-2 translation start site; the second transcript was 19 bp shorter. Therefore, transcription of P450-2 takes place from a promoter, named P P450-2 , which is different from P fdx and must have appeared after the duplication event occurred, since it is not present in the fdx-P450-1 sequences. Finally, the transcription start site of P450-3 was located approximately 454 bp upstream of the translation initiation codon (with an estimated error of 3 bp), that is, within the coding sequence of the upstream gene moaB-1 (see Fig. 1A and C and Supporting Information Fig. S1 ). This promoter was named P P450-3 . No additional transcriptional start sites were found for P450-3.
Activity of the promoters P fdx , P P450-2 and P P450-3 in response to different hydrocarbons
The activity of the promoters identified was analysed using reporter plasmids containing transcriptional fusions of each promoter with the gfp reporter gene, which codes for the green fluorescent protein (GFP). The plasmid vector used was pKSB2, a derivative of the broad-host-range plasmid pSEVA431 (Silva-Rocha et al., 2013; Martínez-García et al., 2015) which possesses a variant of the gfp gene designed for prokaryotic transcriptional fusions, along with the S65T 'red shift' and F64L 'protein solubility' mutations (Miller and Lindow, 1997) . The promoter regions present in each fusion are summarized in Table 1 (see also Fig. 1A ), and were PCR-amplified form A. borkumensis SK2 DNA with the indicated primer pairs. The 3 0 end of the DNA fragments used covered up to the start of the fdx, P450-2 or P450-3 genes (except for plasmid pKSP450-3.2), while the 5 0 -end differed for each fusion. The reporter plasmids obtained were introduced into A. borkumensis SK2, and expression of the GFP protein monitored under different growth conditions. The range of hydrocarbons able to induce the activity of the promoters analysed was analysed by incubating pyruvate-grown cells with saturating amounts of C6, C8, C10, C12, C14, C16, C18 or C20 n-alkanes, or pristane. To minimize evaporation of the volatile hydrocarbons, assays were performed in closed glass vials with a headspace of 10% of the total volume, as described earlier (Sevilla et al., 2015) (see Experimental procedures in Supporting Information). Transcription from promoter P fdx in plasmid pKSPfdx was induced by C8-C18 n-alkanes, but not by C20 ( Fig. 2A) . C12 provided the highest induction (2.1-fold, P < 0.0001). Hexane (C6) appeared not to induce promoter P fdx , although this finding should be considered with care given that this hydrocarbon Fig. 1 . A. Location of the genes coding for cytochromes P450-1 (ABO_0201), P450-2 (ABO_2288) and P450-3 (ABO_2384). The approximate positions of the transcription start sites identified in this work are indicated with red arrows. The DNA regions included in the transcriptional reporter fusions constructed are depicted as grey lines followed by the reporter gfp gene; the name of the reporter plasmid is indicated. Genes are not drawn to scale. B. Identification of transcripts spanning the fdx and P450-1 genes by RT-PCR. Total RNA from A. borkumensis SK2 was transformed to cDNA with reverse transcriptase and the cDNA obtained PCR-amplified using two primer pairs in which the forward primer hybridized at the fdx gene (F1 or F2 primers; see panel A), and the reverse primer was complementary to the P450-1 sequence (RV reverse primer); their nucleotide sequence is specified in Table S1 (Supporting Information). As a control, the same procedure was performed with RNA preparations previously treated with RNase A. The amplified DNA products were resolved by agarose gel electrophoresis. M, DNA size ladder. C. Sequence of the regions located upstream of the P450-1, P450-2 and P450-3 genes. The start of the coding regions of cypR, fdx, P450-1, P450-2, moaB-1 and P450-3, is indicated with a grey arrow; the different ORFs are denoted with the same colour code indicated in (A). The DNA sequences upstream of P450-2 showing scattered homology to cypR are indicated in orange (homology) and black (no homology). The transcription start sites detected are indicated with a red circle and an arrow. Sequences upstream of promoters P fdx and P P450-2 showing similarity to the consensus 235 and 210 boxes characteristic of r
70
-dependent promoters in other bacterial species are underlined. Sequences boxed in open grey arrows correspond to the oligonucleotide primers used to PCR-amplify the DNA regions used in the transcriptional fusions to gfp (except for plasmids pKSP450-3.3 and pKSP450-3.4, in which the 5 0 end of the forward primer was located 513 or 998 nucleotides, respectively, upstream of the P P450-3 transcription start site, and is not represented). Black dashed arrows denote the oligonucleotide primers used to PCR-amplify the DNA fragments used in the EMSA assays of Supporting Information Fig. S3 . P fdx -gfp 2341 to 190 1 and 2 pKSP450-2 P P450-2 -gfp 2286 to 1204 3 and 4 pKSP450-3.1 P P450-3 -gfp 247 to 1443 5 and 7 pKSP450-3.2 P P450-3 -gfp 247 to 157 5 and 6 pKSP450-3.3 P P450-3 -gfp 2513 to 1443 8 and 7 pKSP450-3.4 P P450-3 -gfp 2998 to 1443 9 and 7 a. All plasmids are based on the broad-host-range vector pSEVA431. b. All plasmids bear transcriptional fusions of the indicated promoters to the gfp gene. c. Insert lengths are provided as coordinates relative to the transcription start site (TSS) of the corresponding promoter. d. Primers used to PCR-amplify the indicated DNA fragment; the sequence of the oligonucleotides used as primers are indicated in Supporting Information Table S1 .
showed toxicity strong enough to impair cell growth. Pristane also induced promoter P fdx , leading to fluorescence signals similar to those obtained with C16 or C18. The activity of the promoter for cytochrome P450-2 present in plasmid pKSP450-2 showed a small though reproducible (P < 0.001) increase when cells used C8-C12 rather than pyruvate as the carbon source (Fig. 2B) . However, the differences were small and probably of minor biological significance. We conclude that expression cytochrome P450-2 is similar under all conditions tested, irrespective of the presence of absence of hydrocarbons. The activity detected was significantly lower than that of promoter P fdx .
The behaviour of the promoter for cytochrome P450-3 was, however, very different. Cells containing plasmid pKSP450-3.3, in which the 5 0 -end of the sequences located upstream of promoter P P450-3 transcription start site extends up to position 2513 (see Table 1 ), showed a significantly stronger fluorescence (P < 0.0001) when cultured in the presence of pristane than when different n-alkanes or pyruvate were the carbon sources used (Fig. 2C ). Extending the upstream region of the DNA fragment used up to position 2998 (plasmid pKSP450-3.4) rendered the same result (not shown). However, we noted that the growth rate of A. borkumensis cells carrying plasmids pKSP450-3.3 and pKSP450-3.4 was > twofold lower than that of cells containing the reporter plasmids pKSPfdx or pKSP450-2. Moreover, the yield of plasmid purification from stationary phase cultures of A. borkumensis cells containing plasmids pKSP450-3.3 and pKSP450-3.4 was very low, a problem not found when cells harboured the reporter plasmids pKSPfdx or pKSP450-2. These data suggested that plasmids pKSP450-3.3 and pKSP450-3.4 are unstable. In fact, after 24 h of culture, which corresponds to the moment in which fluorescent measurements were performed in Fig. 2C , only about 10% of the cells conserved the plasmids, as judged by the percentage of cells that were still Fig. 2 . Response of the promoters for fdx, P450-2 and P450-3 to different hydrocarbons. The A. borkumensis SK2 strains used contained plasmids pKSPfdx (reporter for promoter P fdx ; panel A), pKSP450-2 (reporter for promoter P P450-2 ; panel B), pKSP450-3.3 (reporter for promoter P P450-3 , which includes DNA sequences up to position 2513; panel C) or pKSP450-3.1 (reporter for promoter P P450-3 , which includes DNA sequences up to position 247; panel D). Note that plasmid pKSP450-3.3 is unstable and the fluorescence recorded corresponds to that emitted by about 10% of the cells, the rest being plasmid-free (see text). Cells were cultivated to stationary phase in ONR7a marine medium supplemented with pyruvate as a carbon source, collected by centrifugation, resuspended in fresh medium and transferred to 4.5 ml screw-cap glass vials (one per assay) containing, in 4 ml, cells (final turbidity 0.1 AU 600 ), the indicated hydrocarbon (C6-C20 n-alkanes or pristane; 1% v/v or w/v), or 1% (w/v) pyruvate. Vials were incubated at 308C with end-over-end agitation and, after 24 h, fluorescence was measured and normalized relative to the final turbidity of the culture at the moment of sampling, as indicated in the experimental procedures provided as Supporting Information. Values represent the mean 6 standard deviation for normalized fluorescence (three biological replicates). The significance of the difference between the signal obtained in the presence of the hydrocarbons used, and that obtained in the presence of pyruvate, is indicated (one-way ANOVA; *, P < 0.1; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; 'ns' no significant difference).
resistant to streptomycin, the selection marker of the plasmids (see Table S2 , Supporting Information). This suggests that the normalized fluorescence values of Fig. 2C might derive from the fluorescence emitted by just 10% of the cells.
An additional reporter plasmid for promoter P P450-3 was constructed that lacked any sequences upstream of position 247, but conserved the core promoter and all downstream sequences up to the P450-3 translation initiation region (plasmid pKSP450-3.1; see Table 1 and Fig. 1) . Interestingly, this plasmid was significantly more stable than the two former ones (Supporting Information  Table S2 ) and rendered the same induction pattern as the unstable plasmids mentioned above, although the normalized fluorescence values in the presence of the different hydrocarbons was much higher (14-fold higher in the case of pristane; compare Fig. 2C and D) . This suggests that the DNA sequences upstream of the core promoter region could be responsible for the instability of plasmids pKSP450-3.3 and pKSP450-3.4 and, in addition, that the DNA sequences upstream of position 247 are not needed for the induction of this promoter by pristane. Furthermore, eliminating the sequences spanning form position 157 up to the start of P450-3 gene (plasmid pKSP450-3.2) did not impair the response to pristane or the lack of response to the other hydrocarbons tested (not shown), suggesting that the DNA region that allows the induction of promoter P P450-3 by pristane lies in the region 247 to 157. It is at present unknown which transcriptional regulator (or regulatory mechanism) controls the activity of promoter P P450-3 .
The activity of the promoters identified was also analysed in time-course assays with cells growing in highly aerated flasks containing marine ONR7a medium and either pyruvate, tetradecane (C14) or pristane as the carbon source. Induction of promoter P fdx by C14 or pristane during the first 8 h of culture was not significant, but after 30 h the fluorescence levels (normalized to the number of cells present) were 2.6-fold higher (P < 0.001) when cells used C14 rather than pyruvate as the carbon source (Fig. S2-A and D Supporting Information) . The results were similar when pristane was the carbon source (2.2-fold induction, P < 0.001; Supporting Information Fig S2-A and E) . The fluorescence levels in pyruvate-growing cells were substantial, which confirms the results presented in Fig. 2A and indicates that promoter P fdx shows detectable basal activity in the absence of hydrocarbons.
The activity of the promoter for P450-2 (plasmid pKSB450-2) in highly aerated flask cultures was significantly lower than that of P fdx (about 3.5-fold lower after 24-30 h of culture) irrespective of the carbon source present, and induction by hydrocarbons was nonsignificant (Supporting Information Fig. S2-B, D and E) .
Finally, the promoter for cytochrome P450-3 present in plasmid pKSP450-3.1 was very active in cells cultured in the presence of pristane, this activity becoming 12-fold lower (P < 0.0001) when cells grew on pyruvate (Supporting Information Fig. S2C ). Induction of promoter P P450-3 by C14 was small (1.7-fold after 30 h, P < 0.001; Supporting Information Fig. S2-C and D) . The results obtained for the three analysed promoters agree with those observed in closed glass vials as shown in Fig. 2 , and indicate that the oxygen levels in these vials were sufficient to allow the efficient expression of the GFP reporter protein. It is worth noting that maximum expression was obtained in cells that had already reached the stationary phase of growth, that is, after 24-30 h of culture.
The CypR regulator (ABO_0199) controls the expression of promoter P fdx Upstream of promoter P fdx , and oriented in the opposite direction, an open reading frame (ABO_0199) is present that codes for a protein showing similarity to transcriptional regulators of the AraC family (see Fig. 1A ; labelled as cypR). To analyse whether this gene could regulate promoter P fdx , or even the promoters driving expression of cytochromes P450-2 and P450-3, an A. borkumensis SK2 derivative was obtained in which ABO_0199 was inactivated by insertion of a kanamycin resistance determinant (see Experimental Procedures in Supporting Information). The resulting strain was named A. borkumensis KSaraC. The reporter plasmids pKSPfdx, pKSP450-2 or pKSP450-3.1 were introduced into this mutant strain, and the fluorescence generated in cells growing on pyruvate, C14 or pristane was determined. As presented in Fig. 3A , the induction of promoter P fdx by C14 was abolished upon inactivation of ABO_0199, the fluorescence signal after 24 h of culture being >20-fold lower than in the wild type strain (see also Fig. 3E ). The same result was observed when pristane, instead of C14, was the carbon source used (not shown). The introduction into strain A. borkumensis KSaraC of plasmid pKSaraC, which contains a wild type ABO_0199 gene and the P fdx -gfp transcriptional fusion, restored the activity of promoter P fdx and its induction by C14 ( Fig.  3B and E) . Possibly because the ABO_0199 gene was introduced into a plasmid, the fluorescence signal observed was higher in the complemented strain than in the wild type, both in the presence of pyruvate or C14. This might explain why the induction factor observed (fluorescence in the presence of C14 relative to that in the presence of pyruvate) was lower in the complemented strain than in the wild type, although in both cases the differences with the mutant strain were statistically significant (Fig. 3E) . Overall, the results indicate that the product of ABO_0199 is involved in activating transcription from promoter P fdx . A similar AraC-family transcriptional activator, named CypR, was recently shown to activate the transcription of a gene coding for a cytochrome P450 involved in alkane assimilation in the Gram-positive strain Dietzia sp. DQ12-45-1b (Liang et al., 2016) . Although the promoter involved is clearly different to A. borkumensis SK2 P fdx , the overall similarity of the regulators (same protein family, similar response to n-alkanes) suggests the product of A. borkumensis SK2 ABO_0199 might be named CypR. Fig. 3 . Effect of CypR on the induction of promoters P fdx , P P450-2 and P P450-3 . A. borkumensis strains SK2 (wild type) or KSaraC (DcypR), each containing plasmid pKSPfdx (panel A), pKSP450-2 (panel B) or pKSP450-3.1 (panel C), were cultivated in aerated flasks containing ONR7a medium supplemented with pyruvate, C14 or pristane, as indicated. At different times, samples were taken and the fluorescence response measured (see experimental procedures provided as Supporting Information). A-D. Fluorescence (normalized relative to sample turbidity) is represented against time. E-G. Ratio of the normalized fluorescence observed in wild type (wt) or DcypR cells cultivated in C14 (E-F), or pristane (G), relative to that obtained when cells used pyruvate, after 24 h of culture (exponential phase). All values are the average of three independent assays; the standard deviation is indicated. Asterisks indicate significant differences between the data compared, as deduced from a two-tailed t-test (**, P < 0.01; ***, P < 0.001). Interestingly, when pyruvate was the carbon source, the activity of promoter P fdx was much lower in the mutant strain lacking CypR than in the wild type strain (7.6-fold lower after 24 h of culture; Fig 3A) . This suggests that the CypR regulator can activate transcription from promoter P fdx in the absence of alkanes, although its efficiency increases when hydrocarbons are present. For a bacterial strain highly specialized in the assimilation of hydrocarbons it is probably beneficial to keep a significant basal expression of enzymes involved in the oxidation of these substrates, even if these are not present. Inactivation of the cypR gene led to a significant reduction in the growth rate of cells when C14 was the carbon source provided, a reduction that was less pronounced when pristane was used (Table 2 ). This suggests that the fdx-P450-1 genes play an important role in the assimilation of C14.
Induction of
Since the activity of promoter P P450-2 in the wild type strain was similar when cells used pyruvate or C14 as the carbon source (Fig. 2B) , inactivation of cypR was not expected to affect this promoter. In fact, promoter activity in the strain lacking CypR was similar when cells used pyruvate or C14 as carbon source (Fig. 3C and F) . However, promoter output was lower in the absence of CypR than in its presence, irrespective of the carbon source being used. Therefore, perhaps CypR can contribute to the basal activity of promoter P P450-2 in the absence of hydrocarbons, but is unable to activate transcription more efficiently when hydrocarbons are present.
With respect to promoter P P450-3 , the activity detected was >10-fold higher when pristane rather than pyruvate was the carbon source used, irrespective of the presence or absence of CypR (Fig. 3D and G) . This suggests that CypR is not needed for pristane induction of promoter P P450-3. However, and as it occurred for P P450-2 , a lack of CypR led to reduced fluorescence in cells growing on pyruvate or pristane. Therefore, an influence of CypR on promoter P P450-3 (direct or indirect) cannot be ruled out at present.
To further clarify the role of the CypR regulator, the protein was overproduced and purified, and its ability to bind DNA fragments containing promoters P fdx or P P450-2 analysed using band-shift assays. Figure 1 shows the DNA fragments used (sequences between the inverted, black-dashed arrows). Efficient binding was detected when the DNA fragments contained promoters P fdx or P P450-2 , but no binding occurred with a control DNA fragment spanning positions 163 to 1542 relative to P P450-3 transcription start site, but which lacked promoter P P450-3 (Fig. S3, Supporting Information) . The addition of decane (C10) to the binding reactions did not change the results (not shown). The binding of CypR to promoter P fdx , plus its role in the induction of this promoter by C14, supports the idea that CypR activates transcription from promoter P fdx . Inspection of promoter P fdx did not allow to identify sequences that could qualify as CypR binding sites, which is consistent with the observation that transcriptional regulators of the AraC family typically recognize DNA sequences that cannot be easily identified without extensive mutagenesis and biochemical analyses (Gallegos et al., 1997) .
Since CypR can still bind the promoter region of P450-2 (Supporting Information Fig. S3B ), although promoter P P450-2 cannot respond to C14 (Fig. 2B and Supporting Information Fig. S2B ), and considering that transcription started at a position different to that in promoter P fdx , the sequence reorganization and degeneration that occurred upstream of P450-2 probably did not affect the DNA binding sequences for CypR, but impaired its ability to activate promoter P P450-2 .
Effect of inactivating the gene coding for cytochrome P450-3 on growth on pristane
The observation that the activity of promoter P P450-3 was more than 10 times stronger when pristane was the carbon source used than when pyruvate or C6-C20 n-alkanes were provided suggests that cytochrome P450-3 might have a role in pristane assimilation. This idea is supported by the observation that its amino acid sequence is divergent from that of P450-1 and P450-2 (Wang and Shao, 2012) . To investigate the relevance of P450-3 in the assimilation of pristane, the gene coding for this cytochrome was inactivated and the ability of the resulting strain (A. borkumensis KS450-3) to grow in aerated flasks containing ONR7a medium with either pyruvate, C14 or pristane was examined. However, the absence of P450-3 had no significant impact on the growth of the mutant strain on any of these substrates (Table 2 ). It is likely that cells were still able to oxidize this branched alkane using other enzymes such as AlmA, which is known to hydroxylate pristane in A. dieselolei (Wang and Shao, 2014) . Alcanivorax sp. are Table 2 . Doubling time (in hours) of A. borkumensis strains SK2 (wild type), KSaraC (a cypR-deficient derivative of SK2), KSP450-3 (a derivative of SK2 lacking cytochrome P450-3), and KScyoB (a cyoB-deficient derivative of SK2), in ONR7a medium containing pyruvate (Pyr), tetradecane (C14) or pristane as a carbon source (1% v/v, or w/v).
SK2
KSaraC KSP450-3 KScyoB Pyruvate 3.7 6 0.2 3.8 6 0.4 3.96 0.3 3.8 6 0.3 Tetradecane 7.2 6 0.8 10.5 6 1 7.5 6 0.7 4.5 6 0.6 Pristane 6.5 6 0.4 6.5 6 0.5 7.0 6 0.8 6.5 6 0.8
Values are the average of three different assays (the standard deviation is indicated) and correspond to cultures in the early exponential phase of growth (A 600 between 0.05 and 0.5).
efficient degraders of branched alkanes such as pristane or phytane, compounds that are produced by marine zooplankton and may constitute an important resource for this group of bacteria (Hara et al., 2003) .
Inactivation of the cyoB gene has a negative impact on the activity of promoter P P450-3 , but does not affect P fdx or P P450-2
Random mutagenesis experiments have recently shown that the inactivation of the gene coding for the cyoD subunit of the Cyo terminal oxidase significantly impairs the growth of Alcanivorax dieselolei B5 on C32, C36 and pristane, but stimulates growth on C8-C24 n-alkanes (Wang and Shao, 2014) . Cyo was proposed to inhibit the expression of the AlmR repressor, which in turn inhibits the expression of the OmpT-1 porin and AlmA hydroxylase. The OmpT-1 porin is preferentially used for the uptake of C24-C36 n-alkanes and pristane, while the AlmA enzyme is involved in the initial hydroxylation of branched-chain alkanes such as pristane. We, therefore, asked whether the Cyo terminal oxidase has any regulatory influence on the expression of the A. borkumensis SK2 P450 cytochromes studied here. The Cyo terminal oxidase is a multisubunit enzyme complex encoded by the cyoABCDE gene cluster. A mutant derivative of A. borkumensis SK2 was constructed bearing an inactive cyoB::Km allele, and named KScyoB. The reporter plasmids designed to monitor the expression of promoters P fdx , P P450-2 and P P450-3 were introduced into this mutant strain and the ability of pyruvate, C14 and pristane to induce the production of the GFP reporter protein was monitored in aerated flasks. The results obtained, presented in Fig. S4 (Supporting Information) and summarized in Fig. 4 , show the inactivation of the cyoB gene to cause a significant reduction in the activity of promoter P P450-3 in the presence of pristane (7.3 6 1.3 times lower activity than in the wild type strain after 24 h of culture, P < 0.0001). Although transcription from promoter P P450-3 in the presence of C14 or pyruvate was much lower than in the presence of pristane, the absence of Cyo also had a negative impact on it (Fig. 4) . The inactivation of cyoB had little or no effect on the activity of promoters P fdx or P P450-2 . It is intriguing that the inactivation of the cyoB gene should have led to a strong reduction in the expression of cytochrome P450-3 when A. borkumensis was cultivated on pristane. The Cyo terminal oxidase is an important component of bacterial respiratory chains; it is a bo 3 -type quinol oxidase and an efficient proton-pump, contributing to the generation of the proton gradient across the cytoplasmic membrane under highly aerobic conditions (Nakamura et al., 1997; Poole and Cook, 2000; Arai et al., 2014) . In E. coli and Pseudomonas, the expression of the cyo genes varies according to oxygen availability, redox signals and the carbon source provided (Cotter et al., 1990; Tseng et al., 1996; Dinamarca et al., 2003; Kawakami et al., 2010; Arai, 2011; Sevilla et al., 2013) . In Pseudomonas putida, the inactivation of Cyo leads to compensatory modifications in the levels of other terminal oxidases (Morales et al., 2006) , and modifies the expression of specific genes involved in the assimilation of carbon sources such as phenol (Petruschka et al., 2001 ) and C6-C11 n-alkanes (Dinamarca et al., 2002; Dinamarca et al., 2003) . The molecular mechanism that links the presence or activity of the Cyo terminal oxidase to the expression of particular genes is still unknown.
As mentioned above, the inactivation of Cyo in A. dieselolei B5 led to the increased expression of the AlmR repressor, which inhibits the expression of AlmA hydroxylase, and that of OmpT-1 porin involved in the uptake of C28-C36 n-alkanes and pristane (Wang and Shao, 2014) . The Cyo-deficient A. dieselolei strain also showed increased expression of the OmpT-2 and OmpT-3 porins involved in the uptake of C16-C24 (OmpT-2) or C8-C12 n-alkanes (OmpT-3). As a result, a lack of Cyo Fig. 4 . Effect of inactivating the cyoB gene on the activity of promoters P fdx , P P450-2 or P P450-3 in cells growing at the expense of different carbon sources. A. borkumensis strains SK2 (wild type) or KScyoB (DcyoB), each containing plasmid pKSPfdx (reporter for promoter P fdx ), pKSP450-2 (reporter for promoter P P450-2 ) or pKSP450-3.1 (reporter for promoter P P450-3 ), were cultivated in aerated flasks containing ONR7a medium supplemented with pyruvate, C14 or pristane. At different times, samples were taken and the fluorescence response measured. Plots representing the fluorescence observed (normalized relative to the turbidity of the samples) versus time are presented in Fig. S4 (Supporting Information) . Herein, the graph represents the normalized fluorescence values obtained after 24 h of culture (late exponential phase) for the wild type strain and the DcyoB strain. Results are the average of three independent assays; the standard deviation is indicated. Asterisks indicate significant differences between the data compared, as deduced from two-tailed t-tests (*, P < 0.1; **, P < 0.01; ***; P < 0.001; ****P < 0.0001).
led to reduced growth on C32 and C36 n-alkanes and pristane, and improved growth on C8-C24 n-alkanes. Since the expression of cyoD was very low when the wild type A. dieselolei strain used C8-C24 n-alkanes as a carbon source, and was high when it grew on C28 or C32 n-alkanes, or pristane, the presence of this oxidase would appear to facilitate -or be associated with -the uptake and assimilation of C28-C36 n-alkanes and pristane. Whether Cyo influences the expression of the A. dieselolei B5 P450 cytochrome is unknown. If it is assumed that the general role of Cyo in A. borkumensis SK2 is similar to that in A. dieselolei B5, then, given that the present results indicate that a lack of Cyo leads to significantly reduced expression of A. borkumensis SK2 cytochrome P450-3, it might be predicted that the expression of this P450 enzyme is favoured by Cyo when pristane is present. The lesser induction of promoter P P450-3 when Cyo is lacking could well be the indirect effect of a reduced expression of transport proteins involved in the uptake of pristane, an inducer of promoter P P450-3 and a presumed substrate of P450-3. However, the lesser activity of this promoter observed in the cyoB-deficient A. borkumensis KScyoB strain when growing on C14 or pyruvate suggests that Cyo can influence this promoter in a manner independent of the presence of hydrocarbons. Therefore, the expression of at least some of the hydrocarbon degradation genes responds not only to the type of hydrocarbon present, but to global signals that presumably modulate expression of these genes according to the general physiology of the cell.
Concluding remarks
The results presented show that the genes coding for the Fdx ferredoxin and the cytochrome P450-1 are coordinately expressed from the promoter for fdx (P fdx ). This promoter was more active when C 8 -C 18 n-alkanes or pristane were assimilated than when pyruvate was available. The CypR protein (ABO_0199) was identified as a transcriptional activator of P fdx . The inactivation of cypR impaired growth on tetradecane, which shows that the fdx and/or P450-1 genes are important for the assimilation of this n-alkane. The expression of cytochrome P450-2 was low and constitutive under all conditions tested, while that of P450-3 from promoter P 450-3 was much higher when cells assimilated pristane than when n-alkanes or pyruvate were used. However, the inactivation of P450-3 had no visible impact on pristane assimilation. The Cyo terminal oxidase, a component of the electron transport chain, was found to stimulate promoter P P450-3 activity, but it did not affect promoters P fdx or P P450-2 . A. borkumensis, therefore, coordinates the expression of its multiple hydrocarbon degradation genes using both specific and global regulatory systems. This suggests that proper regulation and coordination of the different hydrocarbon-degrading enzymes is important for the optimization of A. borkumensis cell physiology, which might be key to the ecological success of this ubiquitous marine bacterium despite the restricted range of carbon sources it can use.
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Supplementary Table S1. Oligonucleotides used Supplementary Table S2 . Stability of plasmids pKSP450-3.1, pKSP450-3.3 or pKSP450-3.4 in A. borkumensis SK2 Figure S1 . Identification of the promoters responsible for the expression of the fdx-P450-1 genes, and for cytochromes P450-2 and P450-3. RNA obtained from cells growing exponentially in ONR7a medium using tetradecane or pristane was hybridized with an end-labelled DNA probe encompassing the promoter region. The single stranded regions were digested with nuclease S1 and the size of the undigested DNA analysed in a denaturing urea-polyacrylamide gel, side by side with a DNA sequence ladder obtained by chemical sequencing of a 5'-end labelled DNA fragment (G1A reaction; M1, M2 and M3 indicate the different DNA sequence ladders used). Arrows indicate the bands corresponding to the transcripts originated at promoters P fdx , P P450-2 and P P450-3 ; the position of the transcription initiation sites detected is indicated in Figure 1B (red circles with arrows). Figure S2 . Time-course induction of promoters P fdx , P P450-2 and P P450-3 in cells cultivated in aerated flasks containing tetradecane (C14) or pristane as the carbon source. A. borkumensis SK2 containing plasmids pKSPfdx (reporter for promoter P fdx ; panel A), pKSP450-2 (reporter for promoter P P450-2 ; panel B), or pKSP450-3.1 (reporter for promoter P P450-3 ; panel C), was cultivated in aerated flasks containing ONR7a marine medium supplemented with pyruvate, tetradecane or pristane as the carbon source. At different times, samples were taken and the fluorescence response measured. (A-C) Plots show the fluorescence values normalised relative to the turbidity of the samples, represented against time. Values are the average of three experiments; the standard deviation is indicated. (D, E) , Ratio of normalised fluorescence observed in cells cultivated in C14 (D) or pristane (E) relative to those obtained when the cells used pyruvate, after 8 h of culture (exponential phase), or 30 h of culture (stationary phase). The significance of the difference between the values obtained is indicated (one-way ANOVA; *, P<0.1; **, P<0.01; ***, P<0.001; ****, P<0.0001; "ns" no significant difference). Figure S3 . Binding of purified CypR protein to DNA fragments containing promoters P fdx , P P450-2 , or to a control DNA fragment including sequences downstream of P P450-3 . End-labelled DNA fragments containing promoters P fdx (panel A), P P450-2 (panel B), or part of the P450-3 upstream sequences (but lacking promoter P P450-3 ) (panel C), were incubated in the presence of increasing concentrations of purified CypR protein (0.18, 0.37, 0.75, 1.5 or 3 lM). A control with no protein added was also included (-). The protein-DNA complexes formed were analysed by electrophoresis in non-denaturing polyacrylamide gels. Bands corresponding to free DNA (F) or protein-DNA complexes (C) are indicated. The oligonucleotides used to PCR-amplify the DNA regions analysed are indicated in Fig. 1C (black dashed arrows) . Figure S4 . Effect of the Cyo terminal oxidase on the induction of promoters P fdx , P P450-2 and P P450-3 in cells using tetradecane (C14) or pristane as the carbon source. A. borkumensis KScyoB, which derives from strain SK2 by inactivation of the cyoB gene, containing plasmids pKSPfdx (reporter for promoter P fdx ; panel A), pKSP450-2 (reporter for promoter P P450-2 ; panel B), or pKSP450-3.1 (reporter for promoter P P450-3 ; panel C), was cultivated in aerated flasks containing ONR7a marine medium supplemented with pyruvate, tetradecane or pristane as the carbon source. At different times, samples were taken and the fluorescence response measured. Plots show the fluorescence values normalised relative to the turbidity of the samples, represented against time. Values are the average of three experiments; the standard deviation is indicated. A similar assay performed with the wild type strain SK2 is presented in Fig.  S2 . A summary of the results is presented in Fig. 4 .
